Chapter 2
Synthesis and Activity of a New Catalyst for Hydroprocessing: Tungsten Phosphide
Introduction
There has been considerable recent interest in the development of new hydroprocessing catalysts because more efficient conversion of heavier oil fractions is becoming increasingly important as world petroleum reserves are consumed and lower quality base stocks are utilized. Hydrodenitrogenation (HDN) is the most desired reaction in first-stage hydrocracking of heavy oil fractions such as vacuum gas oils (1), preparing the liquid for cracking over acid catalysts which are poisoned by nitrogen bases. Typical hydroprocessing catalysts are alumina supported bimetallic sulfides of molybdenum or tungsten with either nickel or cobalt 'promoter' (2, 3, 4) , and often contain phosphorus as a secondary promoter (5, 6, 7, 8, 9, 10) .
Recent developments in hydroprocessing catalysis include the introduction of novel carbide and nitride compositions (11, 12, 13) , the use of sulfides of early transition metals (14, 15, 16, 17) , the use of noble metals (18, 19, 20) , and the use of zeolites (21, 22) . This chapter describes the synthesis and characterization of a new catalytic material, tungsten phosphide, which has high activity for hydroprocessing. The catalyst is a member of a class of compounds known as the transition metal phosphides, with metallic or semiconducting properties and physical characteristics typical of intermetallic compounds. There are only a few reports of the use of transition metal phosphides as heterogeneous catalysts. Ni 2 P and other phosphides have been applied as olefin hydrogenation catalysts (23, 24, 25, 26) , and bulk Ni 2 P and Co 2 P were found to be active for denitrogenation of quinoline (27) . Amorphous nickel phosphide prepared by chemical reduction has been reported to be active for hydrogenation of nitrobenzene to aniline (28) . Recently, molybdenum phosphide was reported to be an active and stable HDN catalyst as well (29, 30) .
Bulk tungsten compounds which have been previously reported as hydroprocessing catalysts include the sulfide WS 2 (3, 4) , the carbide WC (13) , and the nitride W 2 N (31, 32). Pure WS 2 samples with high specific surface area are typically prepared by decomposition of ammonium tetrathiotungstate (33, 34, 35, 36) . High surface area tungsten carbide and nitride samples are obtained by temperature programmed reactions of WO 3 with methane and ammonia, respectively. The tungsten phosphide, WP, used in this study was prepared by the direct hydrogen reduction of a stoichiometric phosphate glass at moderate temperature.
Phosphorus is commonly used a secondary promoter in commercial hydroprocessing catalyst formulations (5, 8, 9, 10) . In these catalysts phosphorus is introduced onto the alumina support by aqueous impregnation and is in the form of an oxide or phosphate on the surface. This is the first report of the synthesis and characterization of a tungsten phosphide catalyst, where the phosphorus is found in the reduced form in the bulk.
Experimental
The starting material for the synthesis of tungsten phosphide was a tungsten phosphate. The phosphate was prepared by combining stoichiometric quantities of ammonium metatungstate, (NH 4 ) 6 Tungsten phosphide, WP, was prepared from the tungsten phosphate precursor by means of temperature programmed reduction (TPR) with linear temperature ramps in flowing hydrogen. In the TPR procedure, 0.300 g of material were loaded in a quartz glass u-tube reactor and the effluent was monitored by a mass spectrometer (Ametek/Dycor MA100). In catalyst preparation, larger batches using up to 1.50 g of tungsten phosphate were prepared and combined to form the working WP catalyst. For the WP catalyst, the temperature was increased to 938 K at 0.0167 K s -1 , where it was held for 2 h before quenching in helium flow (67 µmol s -1 Teller) nitrogen physisorption measurements were performed on samples directly after preparation, immediately after cooling to room temperature in helium, and these will be referred to here as in situ measurements. Characterizations performed on passivated, airexposed samples rereduced in hydrogen for 2 h at 623 K, were used as the basis for hydroprocessing tests and are referred to in this report as ex situ measurements. Pulses of CO or O 2 (5.6 µmol) were passed over the sample to measure the total, dynamic gas uptake. Single-point BET surface area measurements were carried out by passing a 30% N 2 /He gas mixture to the sample at liquid nitrogen temperature, then measuring the nitrogen desorbed as the sample was heated rapidly to room temperature.
X-ray diffraction (XRD) spectra were collected using a Scintag XDS-2000 X-ray diffractometer using Ni-filtered Cu K α (λ = 0.1541 nm) radiation and a scan rate of 0.035 o 2θ s -1 . Crystallite sizes were estimated from the XRD peak line-widths using the method of Scherrer (37) . The activation energy was calculated for the reduction reaction by the heating rate variation method of Redhead (38) .
X-ray photoelectron spectroscopy (XPS) experiments were performed with a PerkinElmer 5000 surface analyzer. Samples were mounted on double-sided adhesive tape, and binding energies were referenced to adventitious carbon at 285.0 eV. Quantification was achieved using sensitivity factors published by the instrument manufacturer (39) .
Hydrotreating was carried out at 3. h reaction run. In this report, % HDN is defined as the total conversion of quinoline minus the sum of nitrogen containing products, % HYD is the sum of N containing quinoline intermediates, and % HDS is defined as the conversion of dibenzothiophene (as no S containing intermediates were identified).
Results

Synthesis of Tungsten Phosphide
A typical reduction profile of the reaction forming tungsten phosphide is presented in 
Catalyst Characterization
The WP catalyst was characterized before and after the hydroprocessing reaction by ex situ (defined above) BET surface area determination, ex situ CO chemisorption, and X-ray diffraction of air exposed samples. The surface area and CO chemisorption characteristics of the catalyst are reported in Table 2 .3, and the XRD spectra are shown in Figure 2 .3. These characteristics were effectively unchanged by catalytic reaction, and the results demonstrate that the WP bulk and surface are stable under reaction conditions.
That the bulk WP phase is not altered by reaction is also verified by the stability of the lattice parameters and crystallite size (in the {011} directions) as reported in 
Catalytic Reaction
The tungsten phosphide catalyst was used as a powder, rereduced in the hydroprocessing reactor at 723 K for 2 h. Tungsten sulfide was also used as a powder, HDS is dibenzothiophene conversion, HDN is the quinoline conversion minus HYD, and HYD is the sum of anilines and tetrahydroquinolines. Table 2 .5 reports the product distributions from hydroprocessing reactions with WP and WS 2 . The total analysis of the hydroprocessing reaction was complex, as there were over 60 molecules detected in each GC trace; some of which overlapped, were unidentified, or were grouped for simplicity (e.g. there were several isomers of each alkane). Hence, the information in Table 2 .5 is to be considered illustrative. In particular, the results of benzofuran HDO were completely masked by the overlap of decane and benzofuran peaks, and the multiple origins of the products ethylbenzene and/or ethylcyclohexane. Quinoline HDN products are considered to include all of the alkyl C 6 rings, i.e. benzene, cyclohexane, etc… This is prompted by the presence of anilines with cracked alkyl groups, i.e. aniline, methylaniline, and ethylaniline; but does not rule out the possibility of their production from other molecules. Specifically, ethylbenzene and ethylcyclohexane are expected from benzofuran hydrogenation.
Cyclohexane is anomalously abundant in the WS 2 run, and probably originated from either dibenzothiophene or tetradecane cracking. The estimates of percents of unsaturated HDN products given in Table 2 .5 indicate that saturated HDN products are moderately favored for each catalyst. The product identified from dibenzothiophene HDS were biphenyl and cyclohexylbenzene. The WP catalyst favored unsaturated biphenyl, while the WS 2 yields more of the hydrogenation product cyclohexylbenzene.
Tetralin was found to dehydrogenate under our conditions, for which WP was about three times as active as WS 2 . The WP had a substantially lower cracking rate for the tetradecane solvent than the WS 2 . Hexane was the most abundant alkane cracking product for each catalyst, although it is anomalously abundant in the WP run. Figure 2 .5. The conversions are directly comparable because the tests were all carried out using equal surface areas loaded in the reactors. As can be seen in Figure 2 .4, the amount of uncertainty in the results shown in Figure 2 .5 is on the order of 2 percent. The statistical significance of our results may also be estimated by considering results found in Table 3 Although the conditions of the tests were not exactly the same, it is seen that our result is in reasonable agreement with the previous report.
X-ray Photoelectron Spectroscopy
Fresh and spent WP catalyst samples were characterized by XPS. The fresh sample was pretreated at 723 K for 2 h in hydrogen flow, then carefully passivated. The spent WP catalyst was pretreated similarly in helium flow, with the intent to desorb reactant molecules but not to remove surface sulfide (if present). The atomic concentration results are reported in Table 2 .6. The table reveals that the catalyst sulfides only to a limited extent, having only 0.8% sulfur in the spent catalyst surface. Also, the phosphorus content of the surface region decreases slightly following catalytic reaction.
Results of curve fits of the W 4f, W 4d, and P 2p regions are summarized in Table 2 .7.
The full width at half maximum of the carbon reference peak is 1.8 eV for both samples, indicating the absence of deposition of appreciable amounts of carbon deposits or carbide species during the catalytic reaction. The oxygen to tungsten ratio of the phosphate glass precursor was calculated by the weight change of reduction to be 6.0:1, assuming a stoichiometric WP product.
Furthermore, integration of the TPR profile reveals that ~10 % of the water evolution is associated with the water of hydration. These data allow the composition of the amorphous tungsten phosphate starting material to be calculated as WPO 5.4 As noted in Figure 2 .1, the in situ surface area of the sample increased from close to 0.1 m 2 g -1 for the starting material to about 11 m 2 g -1 for the final WP product. The removal of oxygen from the solid and the coincident increase in density probably accounts for the increase in surface area (46) . The surface area probably decreases at higher temperatures by sintering. Estimating the density of the WP phosphate precursor as the average of P 2 O 5 (ρ = 2.39 g cm -3 ) and WO 3 (ρ = 7.16 g cm -3 ) (47), the density increases from ~4.8 g cm -3 for WPO 5.5 to 8.5 g cm -3 for WP. The in situ CO uptake also passes through a maximum, tracking the changes in surface area. The in situ site density (ratio of CO sites to surface area) increases at high temperature, probably because of removal of residual oxygen from surface sites upon completion of the TPR peak. Still, the in situ site density is of the order of 6.0 x 10 13 atoms cm -2 . This value is about an order of magnitude less than the value of 9.6 x 10 14 atoms cm -2 (0.1037 nm 2 per W atom) calculated from the crystal structure. This indicates that part of the surface may still be blocked by phosphorus or residual oxygen atoms.
The ex situ surface area and CO uptake of the catalysts are reported in Table 2 .3.
Chemisorption probably occurs on surface vacancies, or coordinatively unsaturated sites, and has been correlated with hydroprocessing performance of materials. Typically, room temperature CO uptake is used for materials with metallic properties such as carbides and nitrides (12, 13) , while dry ice temperature O 2 uptake is used for sulfides (48, 49) . The O 2 chemisorption in this case is attributed to vacancies at edge sites.
In this study, hydroprocessing of quinoline and dibenzothiophene was carried out at XRD analysis, shown in Figure 2 .3, demonstrates retention of all the lines belonging to WP and the lack of appearance of new peaks after reduction. Similarly, CO chemisorption and BET surface area remained unchanged (Table 2. 3) following reaction. It is likely that the oxygen content of the active catalyst is variable, given our experimental conditions. Precedence can be found in the presence of residual oxygen in typical sulfide (4), carbide (13) , and nitride (12) catalysts. It was established by TPD experiments that activation at 723K does not remove all of the oxygen from the surface region of WP. Furthermore, it is probable that the depth of the surface oxidation (passivation) layer increases with time, as the phosphide changed color from gray to black (dark blue) with aging after storage for two years. The effects of inclusion of oxygen in the active catalyst surface could be either positive or negative. In previous studies of hydrogenation with Ni 2 P (23, 24, 25), a beneficial interaction was identified between surface phosphorus atoms and oxygen. However, a more recent report suggests that aging due to air exposure affected amorphous nickel phosphide and boride catalysts adversely (28) . The effect of air exposure on phosphide catalysts may indeed be very complicated and difficult to reproduce. Our study has been carried out with freshly prepared samples.
Although the surface P/W ratio is close to unity, the phosphorus content of the outermost layer may also be variable. One possibility is that phosphorus covers the surface region of the material similar to the way carbon covers a coked catalyst. In fact, phosphorus deposited on catalyst surfaces via the vapor phase poisoned HDS sites for all transition metals except Ni, where a promotional effect occurred (52) . The other extreme in phosphorus distribution is depletion in the outermost layer, possibly by diffusion into the bulk or by vaporization from the surface region. Thus, the catalytic performance of a phosphide sample will likely depend on its preparation history. The extended soak period at 938 K used in the preparation of the WP catalyst may have helped remove trace oxygen impurities, as well as equilibrate the surface region.
Many compounds exist which contain P-S, P-C, and P-N bonds. It is conceivable that phosphorus participates in the catalytic pathway by, for example, creating P-SH sulfhydril sites. Experiments, however, showed no direct interaction between P and H 2 S below 973 K (5), although this does not eliminate the possibility of metal catalyzed interactions between heteroatoms. In addition, P/Al 2 O 3 reference samples have been found to be inactive in hydroprocessing reactions (53) . Thus, the fundamental catalytic benefit of phosphorus in WP is likely to arise from the modification of the nature of tungsten. As mentioned earlier, sulfur on the surface also probably has a positive role in the catalytic reaction chemistry.
XPS results reveal that the oxidation states of both tungsten and phosphorus in WP are near zero. Therefore, the positive effect of alloying is likely to be based on modification of the electronic structure of the solid. One suggestion, for WC carbide reforming catalysts, was that the alloying of C and W increases the electron to atom ratio of tungsten so that its electronic structure resembles platinum (54) . Our results do not contradict the idea that phosphorus could share its electrons with tungsten in such a way that the electronic structure of tungsten in WP is changed to be similar to noble metals adjacent on the periodic table, osmium, iridium, and platinum. The sulfides of these metals are located in the maxima in the 'volcano curves' of activity for both HDN and HDS reactions (55, 56) . The observed trends of HDS and HDN activities in the transition metal sulfides have also been successfully correlated by a complex combination of electronic occupation in both d and p orbitals (57) .
In commercial phosphorus promoted sulfides, phosphorus is introduced via aqueous impregnation and interacts strongly with the alumina support, in some cases forming surface AlPO 4 species (5, 58, 59) . This leads to changes in the dispersion of the metals, for example inhibiting formation of nickel or cobalt aluminates, and encourages crystallization of bulk metal oxides such as MoO 3 . Kinetic measurements have revealed that the presence of phosphorus directly affects the nature of the active sites (60, 61) , and it has been suggested that the role of phosphate is to alter the nature of sites by changing the stacking of MoS 2 crystallites (62, 63) . In contrast to phosphorus promoted sulfide catalysts, where phosphorus is oxidized and associated with alumina, the phosphorus in WP is found in reduced form in the bulk.
Tungsten phosphide is highly active for both HDN and HDS reactions in coprocessing of quinoline and dibenzothiophene. WP resists morphology and phase changes under hydroprocessing conditions. This conclusion is common to measurements photoelectron spectroscopy.
Conclusions
Tungsten phosphide, WP, was prepared by reduction of an X-ray amorphous phosphate precursor with approximate composition WPO 
